and memory center in insects (e.g., de Belle and Heisening of many larval-specific dendrites and axons folberg, 1994). In the larval brain, every MB neuron extends lowed by outgrowth of adult-specific processes. From a single process from which dendrites branch out into a genetic mosaic screen, we recovered two indepenthe calyx (arrowhead in Figure 1A ). The axon extends dent mutations that block neuronal remodeling in the further and then bifurcates into two major branches, one mushroom bodies (MBs). These phenotypically indisprojecting medially and the other projecting dorsally tinguishable mutations affect Baboon function, a Dro-(arrows in Figure 1A ). MB neurons generated prior to sophila TGF-␤/activin type I receptor, and dSmad2, its the mid-third instar stage, named ␥ neurons, prune their downstream transcriptional effector. We also show medial and dorsal branches during early metamorphosis that Punt and Wit, two type II receptors, act redun-( Figure 1B ) and subsequently project axons only into dantly in this process. In addition, knocking out dActhe medial ␥ lobe of the adult MB (arrow in Figure 1C ). tivin around the mid-third instar stage interferes with Existing dendrites are also pruned in the remodeling remodeling. Binding of the insect steroid hormone ecneurons ( Figure 1B , compared with Figure 1A ). In condysone to distinct ecdysone receptor isoforms intrast, the ␣Ј/␤Ј MB neurons that are born after the midduces different metamorphic responses in various larthird instar stage retain their larval projections during val tissues. Interestingly, expression of the ecdysone metamorphosis (data not shown; Lee et al., 1999).
Figure 1. MB ␥ Neurons that Are Homozygous for the l(2R)MB224 or l(X)MB388 Mutation Retain Larval-Stage Dendrites and Axonal Branches through Metamorphosis
Two-cell/single-cell clones of MB ␥ neurons that are wild-type (A-C), homozygous for l(2R)MB224 (D-F), or homozygous for l(X)MB388 (G-I) were generated in newly hatched larvae and then examined at the wandering larval (A, D, and G), early pupal (B, E, and H), or adult stages (C, F, and I). Note that mutant ␥ neurons retain larval-type axon projection patterns and extend their axonal branches both dorsally and medially in adult brains (arrows in We reasoned that if a gene is required in MB ␥ neurons drites and axons in mutant ␥ neurons before puparium formation (PF) ( Figures 1D and 1G ). However, pruning for pruning their larval-specific axons, the loss of such a gene in MB ␥ neurons would be expected to result in of the larval dendrites and axons does not happen to mutant neurons during early metamorphosis. By 18 hr a phenotype in which adult ␥ neurons retain the larval dorsal branches (e.g., Figures 1F and 1I ). Based on this after PF, larval-specific axonal branches and most dendrites have been pruned in wild-type ␥ neurons (Figure readily discernible phenotype, we identified two additional independent mutations after recovering a usp mu-1B). In contrast, mutant ␥ neurons retain larval dendrites and axonal branches throughout metamorphosis (Figtation from our previous screen (Lee et al., 2000a) . Phenotypic analysis through different developmental stages ures 1E and 1H; data not shown). These observations indicate that the larval axon projection pattern persists reveals that remodeling of MB ␥ neurons is completely blocked in these two phenotypically indistinguishable in the adult l(2R)MB224 and l(X)MB388 mutant ␥ neurons due to a failure in pruning of larval-specific processes. mutants. Moreover, we find that EcR-B1 expression is drastically suppressed in the mutant ␥ neurons and that restoration of EcR-B1 expression significantly rescues l(2R)MB224 Hinders MB Remodeling Due to a their remodeling defects. Mapping by recombination Loss-of-Function Mutation in the babo Gene and complementation confirms that one of the two muIn order to identify the mutation that is responsible for tants is allelic to baboon (babo), the Drosophila TGF-␤/ blocking neuronal remodeling in the l(2R)MB224 line, Activin type I receptor. Interestingly, the other mutation we first mapped a lethal mutation to the 44D-44F cytois found to reside in the dSmad2, a gene encoding a wellgenomic region based on complementation with the 2R known substrate for the Babo serine/threonine protein deficiency kit (see Experimental Procedures). Further kinase (Brummel et Figure 2B ; n ϭ 50), confirming that the TGF-␤/Activin type I receptor Babo is rons that retained larval-specific projection patterns in adult brains. In wild-type organisms, all adult MB ␥ neurequired for pruning of larval-specific processes during metamorphosis. Given that persistence of larval-type rons project their axons medially toward the midline and lack dorsal-projecting axonal branches ( Figure 1C) .
projections is observed in all l(2R)MB224 and babo
Fd4
mutant ␥ neurons, but only 50% of the babo 52 clones, Among one thousand lethal mutations, l(2R)MB224 and l(X)MB388 cause indistinguishable, abnormal axon proa known null allele, we sequenced the babo Fd4 allele. We find that the lesion involves a small deletion and addition jection patterns in adult ␥ neurons. In both l(2R)MB224 and l(X)MB388 heterozygous adults, all two-cell/singleat the last splice donor site (see Experimental Procedures). If splicing does not occur, this will lead to loss cell clones of homozygous mutant ␥ neurons possess two major axonal branches that project perpendicularly of the distal part of the kinase domain due to a stop codon within the intron. Such a mutation might be away from each other (arrows in Figures 1F and 1I ; n ϭ 100), as in larval ␥ neuron projections. stronger than the null since it could potentially make a receptor that is still capable of binding ligands, but not To check whether such abnormal axon projection patterns are acquired as a result of defects in remodeling of signaling. If the Babo protein normally perdures for some time after clone induction, then the babo Fd4 is likely to ␥ neurons during metamorphosis, we examined mutant neurons through different developmental stages. Since exhibit a stronger phenotype as a result of its antimorphic character. indistinguishable phenotypes are always observed in the l(2R)MB224 and l(X)MB388 lines, all the MARCM As additional support for the notion that the remodeling defects are a direct result of loss of Babo function, clones that are created in these two lines will be simply referred to as mutant neurons unless otherwise speciwe find that l(2R)MB224 mutant neurons are completely rescued with respect to both dendritic elaboration and fied. In summary, we observe wild-type patterns of den- Given that remodeling of ␥ neurons depends on Babo the X chromosome (see Experimental Procedures). We activity, we wondered whether a mutation in the Babo confirmed and refined this location to the cytogenomic downstream effector dSmad2 blocks neuronal remodelregion between 7A and 8A by using a translocated X ing in the l(X)MB388 line. The entire dSmad2 genomic chromosome fragment. Mapping by complementation region was PCR amplified from both wild-type and muwas then greatly facilitated using l(X)MB388 hemizygous tant organisms. Sequence analysis of multiple indepenrescued male flies. Ultimately, we mapped the dent PCR products demonstrated that the l(X)MB388 chromosome has a missense mutation that results in l(X)MB388 mutation to the 7D10-7D12 region (Figure branches, indicating no pruning of larval-specific processes ( Figure 3C ). In contrast, we observed that both and the C-terminal MH2 domains, which are separated by a variable linker region. In addition to containing a larval-specific dendrites and axonal branches were completely pruned in l(X)MB388 mutant ␥ neurons when C-terminal SSXS motif for phosphorylation by TGF-␤ type I receptors, the MH2 domain is involved in mediata wild-type dSmad2 cDNA was specifically expressed in the l(X)MB388 mutant neurons ( Figure 3D ). In addition, ing Smad-type I receptor binding, interaction with transcription factors, and oligomerization among Smads (reubiquitous expression of dSmad2 with an armϾGAL4 driver rescues the l(X)MB388 mutation to viability, sugviewed in Massague, 1998) plus or minus Wit. These cells were then examined for total Mad or dSmad2 expression by Western blots using Taking advantage of such a temperature-sensitive background, we tried to determine when TGF-␤ signalanti-flag antibody and for phosphorylation of Mad (P-Mad) or dSmad2 (P-dSmad2) using antibodies speing is required during induction of EcR-B1 expression. We generated homozygous wit Ϫ clones in temperaturecific for the phosphorylated forms of these proteins. As shown in Figure 6E , overexpression of Wit leads to sensitive punt mutant organisms that were then incubated at various temperatures during subsequent develphosphorylation of both Mad and dSamd2. This observation, together with the genetic data, supports the noopmental stages. We noticed that development was much delayed if larvae remained at 25ЊC, but these lartion that Punt and Wit play redundant roles in remodeling neurons. vae could grow into mature larvae with normal EcR-B1 expression if they were transferred to 16ЊC prior to the third instar stage. However, wit mutant MB Nb clones dActivin, Like Babo, Is Required for Both Optic Lobe Development and EcR-B1 Expression (n ϭ 12) exhibited no EcR-B1 expression if mosaic organisms were transferred to the restricted temperature in Larval Brains We also wished to identify possible ligands that particiat the beginning of the third instar larval stage. In contrast, 50% of the mutant clones (n ϭ 8) acquired normal pate in the remodeling process. Seven TGF-␤ type ligands are present in the Drosophila genome. Three of EcR-B1 expression if they were transferred around the mid-third instar stage. Interestingly, no clone contained these, dpp, scw, and gbb, are clearly of the BMP family (data not shown) . Third, we tried to knock out dAct activity using two independent approaches expression of CMdAct around the mid-third instar stage also blocks both optic lobe development and EcR-B1 and found that dAct, like Babo, is essential for both optic lobe development and EcR-B1 expression in larval expression (53%, n ϭ 34; Figure 7D ). Consistent results are obtained after induction of RNAi using a hairpinbrains. Since dAct mutations are currently unavailable, we sought to produce a partial loss-of-function condiloop dAct construct (UAS-HLdAct). For instance, we detect no EcR-B1 expression in 65% of the late third tion by overexpression of a dominant-negative form of the protein or RNAi (Piccin et al., 2001 ). All TGF-␤ type instar larval brains (n ϭ 40) that were heat shocked to express UAS-HLdAct transiently around the mid-third ligands that have been examined dimerize and are processed prior to secretion. Previous studies have shown instar stage ( Figure 7E ). Again, absence of EcR-B1 expression is tightly associated with poor optic lobe develthat overexpression of a cleavage-defective form of a particular ligand can interfere with processing and seopment. Similar treatments yield no detectable phenotypes when UAS-CMdAct/UAS-HLdAct is absent or cretion of endogenous ligand (Osada and Wright 1999). Therefore, we overexpressed a cleavage defective form replaced with other UAS-transgenes, such as UASmCD8-GFP and UAS-antisense dActivin (data not of dAct (CMdAct) using either a general GAL4 driver (tubP-GAL4) or an MB-specific driver (GAL4-OK107). We shown). In addition, punt mutants, despite having small brains, continue to show EcR-B1 expression ( Figure 7C ). observe that CNS development is retarded only when Taken together, these results suggest that dAct, like Babo and dSmad2, is indispensable for EcR-B1 expression in the CNS of wandering larvae. and the ecdysone pathway has been established in this system. In C. elegans, the DAF-7 TGF-␤ ligand as well In Drosophila, recent data suggests that a BMP signaling pathway controls synaptic growth and function at as the DAF-12 nuclear hormone receptor are involved in dauer formation (Antebi et al., 2000) . In response to the neuromuscular junction (NMJ). Whether this pathway also contributes to activity-dependent remodeling hormonal signals, DAF-12 and EcR coordinate changes in diverse tissues during dauer formation and metamorat the NMJ remains to be determined. It is interesting to note, however, that in this pathway Wit acts as a phosis, respectively. Therefore it might be a common theme that TGF-␤ signaling patterns tissue-specific re-BMP receptor, and it can not be substituted for by Punt (Marques et al. 2002) . In contrast, the activin pathway sponses to steroid hormones in diverse organisms by regulating expression and/or activities of specific stedescribed here appears to be able to utilize either 
dActivin Is Required for Normal EcR-B1 Expression in Late Third Instar Larval Brains (A-E) Various wandering larvae were dissected and examined for EcR-B1 expression (red) in the CNS. The wild-type EcR-B1 expression pattern is maintained in the small punt Ϫ CNS (compare [C] with [A]). In contrast, EcR-B1 expression is largely missing in the babo Ϫ CNS (compare [B] with [A] and [C]) or after transient expression of cleavage-defective dActivin or hairpin-loop dActivin between 1-2 days before dissection (compare [D] and [E] with [A] and [C]). The brains
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